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Power conversion efficiency 
Organic solar cell 
a b s t r a c t 
A series of alternating conjugated copolymers which contain selenophene modified benzodithiophene 
and fluorine bearing benzothiadiazole have been synthesized via Stille polycondensation reaction to in- 
vestigate the effect of the number of fluorine atoms substituted to the benzothiadiazole. Three different 
polymers, PBDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT , were reported and their electrochemical, spectro- 
electrochemical, and photovoltaic behaviors were examined. Density functional theory calculations were 
performed on model tetramer structures to shed light on how substituting the fluorine atom to the accep- 
tor building block affects the structural, electronic and optical properties of the polymers. The results of 
computational studies were compared with experimental studies. The structure adjustment accomplished 
by fluorine substitution on the benzothiadiazole moiety reveals an influence on the electronic structure 
of polymers with a more negative HOMO energy level. A high V OC for the resulting photovoltaic device 
was examined for PBDTSe-FFBT . Difluorinated polymer PBDTSe-FFBT :PC 71 BM organic solar cell exhibited 
the highest photovoltaic performance of 2.63% with J SC of 7.24 mA cm 
-2 , V OC of 0.72 V and FF of 50.6%. 
PBDTSe-BT :PC 71 BM revealed the best PCE as 2.39%, and the device reached the highest efficiency up to 
1.68% for PBDTSe-FBT :PC 71 BM. 



























Producing renewable energy to obtain electricity from sunlight 
ia photovoltaic devices is a global issue. Inorganic or perovskite 
olar cell devices harvest solar energy efficiently; however, these 
onventional devices are not economically feasible compared to or- 
anic solar cells. This is the major reason for the improvement of 
rganic photovoltaic (OPV) materials and devices. [1] Due to the 
ow-cost, roll-to-roll production of flexible, large-area, light weight 
hotovoltaic devices, organic bulk heterojunction (BHJ) solar cell 
evices incorporating conjugated polymers have drawn notable at- 
ention from both industrial and academic communities during the 
ast decades. [2–6] ∗ Corresponding author. 






013-4686/© 2021 Elsevier Ltd. All rights reserved. The search continues for the performance of the BHJ solar cells 
o obtain high power conversion efficiencies (PCEs). The proper- 
ies of conjugated polymers as an active layer for organic photo- 
oltaic applications are the most determinant factor to improve the 
CE. Therefore, a broad solar absorption with high absorption co- 
fficient to ensure harvesting the solar light effectively and a high 
harge carrier mobility for charge transport are required for en- 
ancement of the PCE. [7] Moreover, a large energy balance be- 
ween the highest occupied molecular orbital (HOMO) of the donor 
aterial and the lowest unoccupied molecular orbital (LUMO) of 
he acceptor material is necessary to maximize the open-circuit 
oltage (V oc ). [8] A low band gap conjugated polymer donor ma- 
erial to increase the short-circuit current density (J sc ) and a suffi- 
ient degree of phase separation between the donor and acceptor 
omains inside the photoactive layer to enhance J sc and the fill fac- 
or (FF) are also crucial for the improvement of the PCE of organic 
olar cells. [ 1 , 9 , 10 ] 



















































































































Several conjugated polymers involving electron donor and ac- 
eptor units in their main chain backbone or two-dimensional con- 
gurations (2-D) have been designed to tune the energy levels and 
arvest more photons from the solar light. Recently, several studies 
ave been reported with high PCE reaching beyond 18% as a result 
f developing novel polymeric materials and device architectures. 
 5,11–14 ] In this regard, benzo[1,2- b :4,5- b ′ ]dithiophene moiety was 
sed as an electron donor with alkylselenophene side chain as an 
lternative to the thiophene. [ 15 , 16 ] As reported in the literature,
ower aromaticity of selenophene with respect to the thiophene 
esults in an improvement in the quinoid character of the poly- 
er, which leads to lower band-gap energy, increased effective 
onjugation length and enhanced planarity. [ 17 , 18 ] Selenophene- 
ased materials have also improved conductivity and charge mo- 
ility due to larger π-overlap leading to the greater π-orbitals of 
e atoms and intermolecular Se-Se interactions. [ 19 , 20 ] Moreover, 
he Se atom has a much larger size and less electronegativity than 
he chalcogenophene homolog of the S atom; as a result, Se com- 
rising polymers are more efficient at broadening the absorption 
pectrum near the infrared region. [ 21 , 22 ] Jiang et al. studied a se-
ies of polymers by changing S-atoms with Se-atoms on the side 
hains of the donor moiety, the acceptor units, and the π-bridge 
o examine the effect of Se-atom substitution and they reported a 
aximum PCE of 3.3% for PBDTTTBS containing thiophene substi- 
uted BDT and 4.0% for PBDTSTBS containing Se substituted BDT 
oiety. [22] Moreover, Byun et al. investigated the effect of sub- 
titution of dodecylselenophene side chain on BDT and reported 
.73% of maximum PCE. [23] Therefore, there is a need to work on 
he novel selenophene substituted BDT based polymers. 
Recent studies have indicated that fluorination of the backbone 
f conjugated copolymers has been established to construct high- 
erformance BHJ solar cell devices. [ 24 , 25 ] Because of the strong
lectron-withdrawing property, incorporating fluorine atoms into 
 -A conjugated polymers results in lower HOMO energy levels 
eading to an increased V OC . Moreover, the non-covalent interac- 
ion of fluorine atoms with the adjacent atoms (F H/S/F/N) can 
ause strong π- π interactions which may induce fine-tuning of its 
orphology with fullerene. This interaction also may increase the 
harge mobility and the crystallinity of the active layer resulting in 
igher J SC and FF. [26–31] 
In the present study, 4,8-bis(5-(2-ethylhexyl)selenophen- 
-yl)benzo[1,2- b :4,5- b ’]dithiophene (BDT-Se) was used as 
he donor unit and 4,7-bis(5–bromo-4-hexylthiophen-2- 
l)benzo[c][1,2,5]thiadiazole was selected as the acceptor unit 
n an investigation of the effects of the fluorine substitution on 
he benzothiadiazole acceptor moiety. According to the literature, 
ncorporating thiophene or other heteroaromatic rings into the 
 -A polymers can greatly affect the optoelectronic and photo- 
oltaic properties of the organic solar cells (OSCs). [ 2 , 32 , 33 ] In this
ork, three conjugated polymers based on selenophene substi- 
uted BDT and benzothiadiazole building blocks were synthesized 
nd used in OSCs. The structures of the resulting polymers re- 
erred to as PBDTSe-BT, PBDTSe-FBT , and PBDTSe-FFBT , are 
hown in Scheme 3 . The n-hexylthiophene unit was introduced 
o the polymer backbone as π-bridges to improve the solubility 
nd photovoltaic performance of benzothiadiazole-based polymers. 
luorine atoms were included in the benzothiadiazole structure as 
hown in Scheme 2 . The effect of the number of fluorine atoms 
n electrochemical, spectroelectrochemical, and photovoltaic prop- 
rties of the novel polymers was inspected thoroughly. The change 
n the morphology of blends with polymers and PCBM was also 
iscussed in this study. The polymer PBDTSe-FFBT showed the 
ost negative HOMO level between this series of polymers and 
he photovoltaic device based on PBDTSe-FFBT :PC 71 BM exhibited 
 V of 0.72 V and a PCE of 2.63%. OC 
2 . Experimental 
.1. Materials 
The starting materials and all reagents were purchased from 
ommercial sources and used without further purification unless 
tated otherwise. The solvents used during the experiments were 
ried over common standard methods when needed. All reactions 
ere performed under a nitrogen atmosphere unless otherwise 
oted. Column chromatography was carried out with Merck Silica 
el 60 (particle size: 0.063–0.200 mm, 70–230 mesh ASTM) as the 
tationary phase with different solvent systems for the purification 
f crude materials. 
.2. Instrumentation 
Thermal properties were determined by a thermal gravimetric 
nalyzer (Perkin Elmer Pyris 1 Thermogravimetric Analysis(TGA)) 
nd Perkin Elmer Diamond Differential Scanning Calorime- 
er (DSC) with a heating rate of 10 °C/min under N 2 . 
1 H and
3 C Nuclear Magnetic Resonance Spectra were obtained via 
ruker Spectrospin Avance DPX-400 Spectrometer with regard to 
rimethylsilane (TMS) as an internal reference. Gel permeation 
hromatography (GPC) technique (polystyrene as the Standard- 
niversal Calibration method) was used to determine the average 
olecular weights of the synthesized polymers PBDTSe-BT, 
BDTSe-FBT and PBDTSe-FFBT in THF via Malvern-OmniSEC. 
n order to accomplish the spectroelectrochemical studies of 
BDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT , Varian Cary 50 0 0 
V–Vis Spectrometer was used at ambient temperature. Gamry 
00 potentiostat was used with a three-electrode consisting of a 
latinum wire, Ag wire, and Indium Tin Oxide (ITO)-coated glass 
onfiguration in 0.1 M tetra-butylammonium hexafluorophos- 
hate/acetonitrile (TBAPF 6 /ACN) electrolyte/solvent couple at 
00 mV/s scan rate to achieve cyclic voltammetry studies of these 
olymers. 
.3. Synthesis of polymers 
ynthesis of PBDTSe-BT 
Compound 3 (0.15 g, 0.15 mmol) and compound 7 (94 mg, 
.15 mmol) were dissolved with 15 mL of toluene and 40 min of 
rgon gas passed and PdCl 2 (PPh 3 ) 2 (5.3 mg, 7.5 μmol) catalyst was 
dded. The reaction mixture was heated to reflux and stirred for 
2 h. Tributyl (thiophen-2-yl) stannane (0.118 g, 0.3 mmol) was 
dded and stirred for a further 4 h, followed by the addition of 
–bromo thiophene (0.05 g, 0.3 mmol) for 4 h. The reaction mix- 
ure was then brought to room temperature and the polymer was 
recipitated by the addition of 50 mL of methanol. The precipitate 
as then extracted with Soxhlet with methanol, hexane, and chlo- 
oform. The polymer in the chloroform fraction was recovered as 
 purple solid by precipitation from methanol. The solid was dried 
nder vacuum (120 mg, 70%). 1 H NMR (400 MHz, CDCl 3 ) δ 8.21 –
.45 (Aromatic H), 2.95 (-CH 2 ), 1.88 – 0.61 (-CH 2 , -CH 3 ). 
ynthesis of PBDTSe-FBT 
The same procedure was performed for PBDTSe-FBT using com- 
ound 3 (0.15 g, 0.15 mmol) and compound 11 (97 mg, 0.15 mmol) 
nd the purple polymer was obtained from chloroform fraction 
126 mg, 72%). 1 H NMR (400 MHz, CDCl 3 ) δ 8.28 – 6.38 (Aromatic 
), 2.96 (-CH 2 ), 1.98 – 0.66 (-CH 2 , -CH 3 ). 
ynthesis of PBDTSe-FFBT 
The same procedure was performed for PBDTSe-FFBT us- 
ng compound 3 (0.15 g, 0.15 mmol) and compound 15 (0.1 g, 
S.T. Aslan, D. Cevher, E. Bolayır et al. Electrochimica Acta 398 (2021) 139298 






















































































.15 mmol) and the purple polymer was obtained from chloroben- 
ene fraction (70 mg, 39%). 
.4. Computational Methods 
Density functional theory (DFT) calculations were conducted 
or PBDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT using tight con- 
ergence criteria in Gaussian09.Rev. A.02 software package at the 
3LYP hybrid functional and 6–311G(d) basis set level, similar to 
he recent studies that have concordant results with the exper- 
mental studies. [34–41] Calculations were performed on model 
etramer structures with four donors, four acceptors and eight 
ridge structures. Hexyl side chains on the thiophene bridges and 
-ethylhexyl units on donor were replaced with methyl groups 
n calculations not to exceed our computational capacity. Geom- 
try optimizations were started from different initial conforma- 
ions by altering the dihedral angle between consecutive repeat- 
ng donor, acceptor and bridging units. Electrostatic potential sur- 
ace (ESP), first three highest occupied molecular orbitals (HOMO, 
OMO-1, HOMO-2), and three lowest unoccupied molecular or- 
itals (LUMO, LUMO + 1, LUMO + 2) were mapped onto the opti- 
ized model structures. Direct band gap (E g ) was calculated calcu- 
ation of energy difference between the HOMO and LUMO for the 
ptimized ground state, and the optical E g 
opt was determined by 
he S 0 → S 1 transition, the first vertical excitation energy of the sin- 
let excited state obtained by time-dependent density-functional 
heory (TDDFT). Vertical ionization potential (VIP) and vertical 
lectron affinity (VEA) in addition to the adiabatic ionization po- 
ential (AIP), and adiabatic electron affinity (AEA) were also calcu- 
ated by considering the transition from the neutral ground state to 
he charged structures at the ground state geometry and optimized 
harged geometries for cation and anions, respectively. Hole reor- 
anization energies ( λreorg ) were determined based on Bredas et al. 
42] formulation. The total atomic charges ( δ) on the acceptor units 
ased on the ESP fitting method of Merz-Kollman (MK) [43] , dipole 
oment ( μ), isotropic dipole ( α) polarizability, anisotropy ( α) of 
he polarizability and first order hyperpolarizability ( β) were cal- 
ulated to elucidate experimental observations. 
.5. Fabrication of photovoltaic devices 
Organic solar cell parameters for the PBDTSe-BT, PBDTSe-FBT , 
nd PBDTSe-FFBT were investigated with the device structure of 
TO/PEDOT:PSS/Polymer:PC 71 BM/LiF/Al. The construction of the BHJ 
olar cell device was as follows; etching and cleaning of ITO, coat- 
ng of the PEDOT:PSS, coating of the active layer and evaporating 
he metal. ITO coated glass substrates purchased from Visiontek 
ere etched using an acid solution. The substrates were sonicated 3 n an ultrasonic bath, respectively, using toluene, detergent (Hell- 
anex), water and isopropyl alcohol for 15 min. The substrates 
ere dried with an N 2 gun after that O 2 plasma treatment was 
sed to enhance the work function of ITO via removing organic 
mpurities as well as to reduce the surface tension of ITO. PEDOT: 
SS was filtered through a 0.45 μm PES syringe filter and coated 
n the ITO surface. Subsequently, the substrates were annealed at 
35 °C for 15 min on the hot plate to evaporate the residual water. 
olymer:PC 71 BM mixtures were prepared with different weight ra- 
ios, concentrations and additives, filtered through a 0.22 μm pore- 
ized PTFE syringe filter and coated on a PEDOT:PSS layer in the 
itrogen-filled glove box. Lastly, the devices were completed by 
hermal evaporation of LiF and Al metal in a vacuum evaporation 
hamber on the Polymer:PC 71 BM layer. After the device construc- 
ion, the current density voltage characteristics were tested using 
he Keithley 2400 under the Atlas Material Testing Solutions solar 
imulator (AM 1.5 G). 
. Results and discussion 
.1. Synthesis and characterization 
The structure of the polymer and the structures of the modi- 
ed donor and acceptor units required for their synthesis are given 
elow ( Scheme 3 ). All the intermediates and monomers were syn- 
hesized according to the given references. In our synthetic design, 
-ethylhexylselenophene substituted benzodithiophene and fluori- 
ated benzothiadiazole derivatives were taken as the donor and 
cceptor units, respectively. The synthetic route for the donor com- 
ound is given in Scheme 1 . Commercially available selenophene 
as reacted with commercial 2-ethylhexylbromide in the presence 
f n –butyl lithium to obtain compound 1. After that, the synthe- 
is of compound 2 was achieved in high yield by the reaction 
f benzo[1,2- b :4,5- b ′ ]dithiophene-4,8–dione with lithium deriva- 
ive of compound 1 [44] followed by reduction of the corre- 
ponding diol with stannous chloride dihydrate in hydrochloric 
cid solution. The lithiation of compound 2 with n -buthyl lithium 
ollowed by quenching the lithium derivative with trimethyltin 
hloride resulted in the monomer compound 3 successfully. 
44] 
The detailed synthetic routes followed for the acceptor units 7, 
1 , and 15 are given in Scheme 2 . Compound 4 [45] and Compound
 [46] were synthesized according to previously reported proce- 
ures. The Stille cross-coupling reaction between compound 4 and 
ompound 5 afforded compound 6 [38] , which was treated with N- 
romosuccinimide to yield compound 7 [47] . The diamine deriva- 
ives of mono fluorinated and difluorinated benzene were pur- 
hased commercially. The ring closure reactions were performed 
S.T. Aslan, D. Cevher, E. Bolayır et al. Electrochimica Acta 398 (2021) 139298 




















Summary of GPC and TGA studies. 
Mn/kDa Mw/kDa PDI T d 
∗/ °C 
PBDTSe-BT 8.7 29.6 3.4 443 
PBDTSe-FBT 10.1 29.7 2.9 437 
PBDTSe-FFBT 13.5 91.7 6.8 400 









ith thionyl chloride to obtain 8 and 12 . The halogenation reac- 
ions were performed according to the procedures reported in the 
iterature. [ 46 , 48 ] The treatment of compounds 9 and 13 [49] with
ributyl (thiophen-2-yl)stannane ( 5 ) under Stille coupling reaction 
onditions produced the target molecules 10 and 14 which were 
rominated with N-bromosuccinimide to yield target monomers 11 
nd 15 . [ 49 , 50 ] Further synthetic details are given in Supporting
nformation. 
The routes for the synthesis of three polymers are shown in 
cheme 3 . PBDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT were pre- 
ared via typical Stille cross-coupling reaction between organotin 
onomer of BDT ( 3 ) and bromothiophene flanked benzothiadia- 
ole derivatives ( 7, 11 and 15 ) using tetrahydrofuran as solvent 
nd bis(triphenylphosphine)palladium(II) dichloride (PdCl 2 (PPh 3 ) 2 ) 
s the catalyst. The gel permeation chromatography (GPC), which 
easured the molecular weights and polydispersity index (PDI) of 
he three polymers are displayed in Table 1 . All polymers show 
ood solubility in chloroform, chlorobenzene (CB) and other com- 
on solvents, which are favorable for film fabrication. 4 .2. Thermal studies 
Differential scanning calorimetry (DSC) and thermogravimetric 
nalysis (TGA) were utilized to determine the thermal properties 
f the polymers. PBDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT have 
ood thermal stability with degradation temperatures over 400 °C, 
hich are sufficient for the application in an organic solar cell. The 
GA measurements showed that 5% weight loss degradation tem- 
eratures (T d ) of PBDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT were 
S.T. Aslan, D. Cevher, E. Bolayır et al. Electrochimica Acta 398 (2021) 139298 
Scheme 3. Synthetic pathway of polymers. 
Fig. 1. Frontier molecular orbital surfaces (from top to down: LUMO + 2, LUMO + 1, LUMO, HOMO, HOMO-1, HOMO-2) for a) PBDTSe-BT , b) PBDTSe-FBT , c) PBDTSe-FFBT and 
electrostatic potential surface (ESP) for the d) PBDTSe-BT , e) PBDTSe-FBT , f) PBDTSe-FFBT tetramers. ESP for the acceptor units in the middle of the chain for g) PBDTSe-BT , 






























43 °C, 437 °C and 400 °C, respectively. The synthesized polymers 
id not display any phase transition up to 300 °C. 
.3. Computational Results 
HOMO, HOMO-1, HOMO-2 orbital surfaces given in Fig. 1 a-c 
howed that HOMO orbitals were distributed along the chain sim- 
lar to previous studies. [30–32] LUMO orbitals were highly local- 
zed on the acceptor groups. LUMO, LUMO + 1 and LUMO + 2 are po-
itioned on different acceptor units due to different chemical en- 
ironments in the middle part and end groups of the tetramers 
hich is also valid for HOMO, HOMO + 1 and HOMO + 2 frontier
rbitals showing a complementary behavior along the chain. Al- 
hough their distribution for PBDTSe-BT, PBDTSe-FBT and PBDTSe- 
FBT looks similar, there are small differences in the details. 
UMO orbitals were extended to the fluorine atoms in the ac- 5 eptor unit for PBDTSe-FBT and PBDTSe-FFBT . In addition, the 
xtension of HOMO orbitals on the acceptor units has a dif- 
erent shape and distribution for different copolymers. The dif- 
erence in the electron density distribution can be seen more 
learly from the ESP surface mapped onto the model structures 
here electron rich sites were concentrated on the donor and 
ridge groups, displayed in red color, while electron deficient 
ites were concentrated on the acceptor and alkyl side chains, 
isplayed in blue color ( Fig. 1 d-f). Weak extension of electron 
ich sites on the PBDTSe-BT acceptor, especially on its phenyl 
roup of benzothiadiazole, was not observed after fluorine sub- 
titution in PBDTSe-FBT and PBDTSe-FFBT . Both phenyl and thia- 
iazole rings donate electrons upon the substitution of fluorine 
toms which leads to the enhanced acceptor capacity for the flu- 
rine substituted benzothiadiazole unit in the polymer backbone 
 Fig. 1 g-i). 
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Table 2 
Results of DFT calculations for the structural and electronic properties of PBDTSe-BT , 
PBDTSe-FBT and PBDTSe-FFBT tetramers. (Energies are in eV, dipole moments are debye, 
polarizabilities are in a.u.). 
HOMO LUMO E g E g 
op VIP AIP VEA AEA 
PBDTSe-BT −4.98 −2.98 −2.00 1.68 5.44 5.36 −2.50 −2.55 
PBDTSe-FBT −5.01 −3.04 −1.97 1.66 5.46 5.39 −2.56 −2.60 
PBDTSe-FFBT −5.05 −3.07 −1.99 1.68 5.51 5.44 −2.59 −2.63 
λreorg πdel δAcceptor θ (A-B) μ α α β
PBDTSe-BT 0.142 5320 0.07 ( −0.30) 8.79 0.16 3778 5263 14,978 
PBDTSe-FBT 0.139 3734 −0.02 ( −0.09) 3.76 7.26 3801 5328 18,361 































































































DFT calculations showed that HOMO energies have more nega- 
ive values by incorporation of the fluorine atoms as observed ex- 
erimentally that is relevant for the enhanced V OC values ( Table 2 ). 
UMO levels also have lower values that result in the close band 
ap values for polymers where PBDTSe-FBT has slightly lower 
and gap values. Although calculations predicted close E g 
opt val- 
es with experiments, there is a difference in their order at ex- 
erimental and theoretical results which is mainly due to the 
olecular weight difference and lack of intermolecular interactions 
n the computational results that can affect electronic structure 
y fluorine substitution. Vertical and adiabatic ionization poten- 
ials (VIP and AIP) were increased and electron affinities (VEA and 
EA) were decreased due to improved electronegativities by fluo- 
ine incorporation. Hole reorganization energies ( λreorg ) that indi- 
ate ease of hole mobility along the chain were low for all chains 
nd slightly improved by fluorine incorporation. The most signif- 
cant change was observed in the delocalization or resonance en- 
rgy ( πdel ) where fluorine substitution decreased π-electron en- 
rgy in the conjugated polymer backbone, particularly from the 
enzodithiophene acceptor rings. This is supported by the electro- 
tatic potential surfaces in Fig. 1 . This hypothesis was tested by 
he calculation of the total average atomic charges on the acceptor. 
he average total atomic charge on acceptor units ( δAcceptor ) obtain 
ore negative value by fluorine substitution. However, total atomic 
harges only on the acceptor ring excluding hydrogens and fluorine 
toms are increasing and became a positive number as given in 
arenthesis which indicates improved acceptor potential. Although 
uorine atoms attracted electrons from other units and increase 
verall electron density on the acceptor unit, this electron den- 
ity is concentrated on the fluorine atoms and total electron den- 
ity on the acceptor ring is decreased. The average torsional angle 
etween acceptor and bridging units ( θ (A-B) ) presented that pla- 
arity of the chains was improved by fluorine substitution that can 
ead to the increased quinoid character, better chain packing lead- 
ng to the enhanced intra-charge transport and inter-chain hop- 
ing. [51] It should be noted that the two sides of PBDTSe-FBT ac- 
eptor were not identical where the fluorine side has a lower dihe- 
ral angle compared to the side hydrogen side. This asymmetrical 
tructure of PBDTSe-FBT leads to the higher dipole moment ( μ,), 
tatic polarizability ( α) and anisotropy in the polarizability ( α) 
ompared to PBDTSe-BT and PBDTSe-FFBT . First order hyperpolar- 
zability ( β) which is a measure for the induced dipole formation 
n an electric field that was reported as an indication for decreased 
ond length alternation in conjugated chains with higher β values. 
 36 , 52 ] Increasing β values by fluorine substitution points out en- 
anced donor, bridge and acceptor unit coupling with lower bond 
ength alternation. 
.4. Electrochemical properties 
The cyclic voltammetry (CV) measurements were executed for 
BDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT between the suitable 6 otentials to investigate the redox performances of the resulted 
olymers at a constant 100 mV/s scan rate at room temperature. 
he experimental study of CV was conducted via a three-electrode 
etup in which indium tin oxide (ITO) was used as the work- 
ng electrode, Ag wire as the reference electrode and Pt as the 
ounter electrode. Acetonitrile (ACN) was the solvent and tetra- 
utylammoniumhexafluorophosphate (TBAPF 6 ) was the supporting 
lectrolyte during the measurements. Doping/dedoping potentials, 
nset oxidation potentials ( E ox onset ) and onset reduction potentials 
 E red onset ) of polymers were explored from the cyclic voltammograms. 
s depicted in Fig. 2 , all polymers showed both p-dopable and n- 
opable character. All the electrochemical properties were sum- 
arized in Table 3 . The E ox onset were measured as 0.5 eV, 0.77 eV 
nd 0.81 eV while E red onset were detected as −1.09 eV, −0.93 eV 
nd −1.16 eV for PBDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT re- 
pectively. The electron-withdrawing nature of the fluorine atom 
ay be the result of the variation in the oxidation potential of the 
olymers. These electron-withdrawing effect results in lower elec- 
ron density on benzothiadiazole moiety in the polymer backbone 
f PBDTSe-BT and PBDTSe-FFBT . Therefore, doping/dedoping pro- 
esses occur at higher oxidation potentials. Moreover, high occu- 
ied molecular orbital (HOMO) and low occupied molecular orbital 
LUMO) energy levels were deduced from the onset oxidation po- 
entials and onset reduction potentials of the corresponding poly- 
ers according to the following equations; 
OMO = −(4 . 75 + E ox onset ) 
UMO = −(4 . 75 + E red onset ) 
Standard Hydrogen Electrode (SHE) vs. vacuum level was 
dopted as 4.75 eV. The electronic band gaps ( E el g ) of PBDTSe-BT, 
BDTSe-FBT and PBDTSe-FFBT were calculated from the energy 
evel difference between HOMO and LUMO. The following equa- 




g = HOMO − LUMO 
HOMO energy levels for PBDTSe-BT, PBDTSe-FBT and PBDTSe- 
FBT were found as −5.28 eV, −5.52 eV and −5.56 eV whereas 
UMO energy levels were calculated as −3.65 eV, −3.82 eV and 
3.59 eV, respectively. Therefore, the electronic band gaps of 
BDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT were deduced to be 
.63 eV, 1.70 eV and 1.97 eV. The HOMO energy level of the 
ynthesized polymers decreases dramatically upon fluorine sub- 
titution with approximately 0.3 eV energy difference between 
he difluorinated ( PBDTSe-FFBT ) and the non-fluorinated ( PBDTSe- 
T ) polymers. The deeper HOMO energy level of the polymer 
as associated with the strong electron-withdrawing characteris- 
ic of benzothiadiazole acceptor and weak electron-donating na- 
ure of alkylselenophene side chain which has π-conjugation to 
DT moiety. Moreover, the electronic band gap of non-fluorinated 
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Fig. 2. Single scan cyclic voltammograms of polymers a) PBDTSe-BT , b) PBDTSe-FBT , and c) PBDTSe-FFBT in 0.1 M TBAPF 6 /ACN electrolyte solution at 100 mV s 
−1 scan rate. 
Table 3 
Summary of electrochemical and optical properties of polymers. 
E p-doping /V E p-dedoping /V E n-doping /V E n-dedoping /V E 
ox 
onset /V E 
red 
onset /V 
PBDTSe-BT 0.75 0.64 −1.36/ −1.88 −1.12/ −1.42 0.53 −1.10 
PBDTSe-FBT 1.35 1.33 −1.18/ −1.57 −0.87/ −1.32 0.77 −0.93 
PBDTSe-FFBT 1.20 1.16 −1.47/ −1.95 −1.05/ −1.42 0.81 −1.16 
HOMO/eV LUMO/eV E g 
ec /eV λmax /nm λonset /nm E g op /eV 
PBDTSe-BT −5.28 −3.65 1.63 620 763 1.62 
PBDTSe-FBT −5.52 −3.82 1.70 600 754 1.65 




































































olymer PBDTSe-BT exhibited lower band gap energy than flu- 
rinated PBDTSe-FBT and PBDTSe-FFBT which may arise from 
he strong electronegativity of fluorine atom and enhanced inter- 
intramolecular interaction among polymer backbones. [53–55] 
While different HOMO levels are obtained from theoretical and 
xperimental methods for PBDTSe-BT, PBDTSe-FBT and PBDTSe- 
FBT conjugated polymers, these values reveal the same trend; i.e., 
ith the introduction of F atoms onto the benzothiadiazole moiety 
he HOMO level of polymers can be diminished, and also the num- 
er of fluorination on these polymers has a synergetic impact on 
educing the HOMO level. [56] 
.5. Spectroelectrochemical properties 
In order to investigate the spectroelectrochemical properties 
f the polymers, a three-electrode system was used. PBDTSe-BT, 
BDTSe-FBT and PBDTSe-FFBT were dissolved in chloroform and 
eposited onto ITO coated glass substrate via spray coating at room 
emperature. All polymers have good solubility in chloroform and 
omogenous solutions were obtained for the spectroelectrochem- 
cal analysis. The analysis of three polymers was performed with 
V–Vis-NIR spectrophotometer via step by step increment of the 
pplied potential in 0.1 M TBAPF 6 /ACN solution. Constant poten- 
ials were carried out to remove the charges or ions trapped into 
olymers and record the neutral states correctly before applying 
he oxidation potentials. Absorption spectra were obtained by step- 
ise oxidation and while the neutral state absorptions ( λmax ) were 
teadily declining, polarons (radical cations) and bipolarons (bica- 
ions) absorption bands were observed in the NIR region as ex- 
ected. The absorption behaviors of polymers in the UV–Vis region 
ive essential information, especially for organic solar cell applica- 
ions. For this purpose, optical band gaps ( E 
op 
g ) and maximum ab- 
orption wavelengths ( λmax ) of the polymers were obtained from 
ig. 3 and all data were summarized in Table 3 . The λmax val- 
es were found as 620 nm, 600 nm and 590 nm for PBDTSe-BT, 
BDTSe-FBT and PBDTSe-FFBT , accordingly. The optical bandgaps 
 E 
op 
g ) were calculated from the onset point of the lowest energy 






The band gaps ( E 
op 
g ) were calculated as 1.62 eV, 1.65 eV and
.67 eV for PBDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT correspond- 
ngly. The backbone fluorination slightly increased the optical band 
aps and the changes in the absorption spectra clearly reveal the 
ffect of substitution of fluorine atom. Similar results have also 
een published for fluorine atom substituted conjugated polymer 
y other groups. [ 54 , 55 , 57 , 58 ] 
All the polymers displayed an absorption shoulder peak in 
hin-film state and the existence of strong intermolecular interac- 
ions caused by better π–π stacking between the neighbor poly- 
er chains might be the reason for this phenomenon. On the 
ther hand, when fluorine atoms are substituted to the polymer 
ackbone, PBDTSe-FFBT showed pronounced absorption shoulder 
round 650 nm demonstrating strong polymer aggregation at room 
emperature. Therefore, the strong aggregation in PBDTSe-FFBT 
ay be caused by intermolecular interactions of F…F, C-F…H, 
nd C-F…πF . [ 59 , 60 ] Due to the introduction of fluorine atoms 
eading to more pronounced aggregation, PBDTSe-FFBT demon- 
trates a lower wavelength in the absorption spectrum compared 
o PBDTSe-FBT and PBDTSe-BT which may result in a slightly 
arger band gap of 1.67 eV. 
.6. Photovoltaic Performance 
BHJ photovoltaic devices of these three polymers were 
abricated to explore and analyze the influence of the sub- 
tituting fluorine atom on the resultant photovoltaic perfor- 
ance. Organic solar devices with standard configuration, 
TO/PEDOT:PSS/Polymer:PC 71 BM/LiF/Al, were employed using 
BDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT as donors and PC 71 BM 
s an acceptor counterpart into the active layer of the devices. 
hile determining the processing solvent of the active layer, differ- 
nt weight ratios of the polymer to PC 71 BM and the concentration 
f the active layer were investigated. Moreover, a small amount 
f 1,8-diiodooctane (DIO) was used to optimize the photovoltaic 
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Fig. 3. Normalized UV–Vis-NIR absorption spectra of thin film of a) PBDTSe-BT , b) PBDTSe-FBT , and c) PBDTSe-FFBT upon oxidative doping potentials in 0.1 M TBAPF 6 /ACN 
electrolyte solution. 
Table 4 
Summary of photovoltaic studies of PBDTSe-BT , PBDTSe-FBT and PBDTSe-FFBT . 
Polymer:PC 71 BM/w:w J sc /mA cm 
−2 V oc /V FF% PCE% Treatment 
PBDTSe-BT 1:4 (4%) a 5.43 0.67 39.4 1.43 –
1:4 (4%) b 4.84 0.67 43.9 1.42 –
1:4 (4%) c 6.10 0.67 41.9 1.71 –
1:4 (4%) c 5.67 0.66 45.6 1.70 1% DIO 
1:4 (4%) c 6.58 0.66 55.3 2.39 2% DIO 
1:4 (4%) c 6.22 0.67 54.0 2.26 3% DIO 
1:4 (4%) c 6.48 0.67 52.8 2.29 2% DIO, MeOH 
PBDTSe-FBT 1:2 (3%) a 3.34 0.65 39.1 0.85 –
1:2 (3%) b 6.17 0.66 36.1 1.47 –
1:2 (3%) c 6.00 0.65 39.2 1.53 –
1:2 (3%) c 7.09 0.68 34.0 1.64 2% DIO 
1:2 (3%) c 7.23 0.67 34.6 1.68 3% DIO 
1:2 (3%) c 6.16 0.65 31.1 1.25 4% DIO 
PBDTSe-FFBT 1:1 (2%) a 4.99 0.70 38.8 1.36 –
1:1 (2%) b 5.75 0.70 49.2 1.99 –
1:1 (2%) c 6.40 0.70 50.4 2.26 –
1:1 (2%) c 6.15 0.72 50.5 2.23 2% DIO 
1:1 (2%) c 7.24 0.72 50.6 2.63 3% DIO 
1:1 (2%) c 6.76 0.71 47.4 2.28 4% DIO 
a Spin coating rate of 500 rpm. 
b Spin coating rate of 750 rpm. 
c Spin coating rate of 10 0 0 rpm. 
Fig. 4. Current density-voltage curves of OSCs based on a) PBDTSe-BT: PC 71 BM, b) PBDTSe-FBT :PC 71 BM, and c) PBDTSe-FFBT :PC 71 BM without additive and with additive 

























erformance of the devices. The thicknesses of the active layers 
ere optimized by altering the spin coating rate which was found 
s 10 0 0 rpm for all polymers. The blends based on PBDTSe-BT 
ere dissolved in 1,2-dichlorobenzene ( o -DCB) and PBDTSe-FBT 
nd PBDTSe-FFBT based blends were dissolved in chlorobenzene 
CB). The photovoltaic parameters, including open-circuit voltage 
V OC ), short circuit current density (J SC ), fill factor (FF) and power 
onversion efficiency (PCE) of the devices using polymers PBDTSe- 
T, PBDTSe-FBT and PBDTSe-FFBT are summarized in Table 4 . 
ig. 4 shows the resultant current density-voltage (J-V) plots of the 
ost efficient devices, which were investigated under AM 1.5 G 
imulated solar illumination at an irradiation intensity of 100 mW 
−2 m . a
8 Among all three polymers, difluorinated PBDTSe-FFBT :PC 71 BM 
evealed the highest photovoltaic performance achieving 2.63%, 
ith J SC of 7.24 mA cm 
−2 , V OC of 0.72 V and FF of 50.6%.
hereas PBDTSe-BT :PC 71 BM exhibited the best PCE as 2.39%, and 
he device reached the highest efficiency up to 1.68% for PBDTSe- 
BT :PC 71 BM. Polymer PC 71 BM weight ratio of the blend in the 
ctive layer is essential to optimize the photovoltaic parameters. 
ince the function of the acceptor material in the active layer 
s associated with the charge transport, electron and hole mo- 
ilities were balanced by changing the weight ratio of the elec- 
ron accepting material PCBM in the blend. As a result of this 
nhancement, efficient charge separation occurs and more sep- 
rated charge carriers can be transported and collected at the 





































































roper electrodes, which arises higher PCE. However, this increase 
f the acceptor material causes a decrease in the content of the 
onor material, which plays a vital role in the absorption of sun- 
ight in the active layer. Therefore, the optimization of the weight 
atios of the donor and acceptor materials is an essential pro- 
ess to obtain efficient PCE. Consequently, the best device perfor- 
ances were found with a blend ratio of 1:4 (w/w), 1:2 (w/w) 
nd 1:1 (w/w) for PBDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT , 
espectively. 
Further improvement in the PCE was observed by the addition 
f a trace amount of DIO to the active layer of the OSC. With the
ddition of 1% DIO to the active layer, device efficiency of PBDTSe- 
T :PC 71 BM (1:4, 4%) remained unchanged while an improvement 
rom 41.9% to 45.6% in the FF% obtained. An increase in the Jsc 
rom 5.67 to 6.58 mA cm −2 and FF from 45.6% to 55.3% was ob-
erved by the addition of 2% DIO resulting 2.39% of PCE. Further 
IO and methanol treatment for PBDTSe-BT resulted in lower pho- 
ovoltaic parameters. The studies for the optimum amount of the 
IO were carried out for PBDTSe-FBT and PBDTSe-FFBT . The re- 
ults showed that the best device efficiency was found 1.68% for 
BDTSe-FBT and 2.63% for PBDTSe-FFBT with the addition of 3% 
IO. It is believed that the donor can form pure and ordered self- 
ssembly phases in the film due to the high boing point property 
f DIO, which promotes and stimulates the generation of crystal 
tructures. [61] 
The substitution of the fluorine atom along the conjugation 
ackbone provides effective tuning of the molecular energy levels 
s well as enhanced intramolecular interactions. [62] DFT calcula- 
ions and experimental results indicated that PBDTSe-FFBT includ- 
ng two F atoms into its polymer backbone has a deeper HOMO 
evel in regards to PBDTSe-BT and PBDTSe-FBT . Therefore, an in- 
rease in V OC of the best solar cell device was observed that might 
ead to higher PCE of the solar cell. Moreover, according to the DFT 
alculations, hole mobility along the polymers chain slightly im- 
roved by F incorporation due to increased hole reorganization en- 
rgies ( λreorg ) listed in Table 2 . Higher charge carrier mobility may 
lso be one of the reasons for the high photovoltaic performance 
f PBDTSe-FFBT based solar cell. 
Overall, the efficiencies of the synthesized polymers were mod- 
rate in this work, however, several factors such as HOMO-LUMO 
nergy levels, device structure, the molecular weight of the poly- 
ers, band gap etc. affect the device efficiency. [63–65] Al- 
hough the benzothiadiazole-based conjugated polymers exhibit 
reat properties for photovoltaics, the molecular weight of the 
olymer was recognized to be significant. [ 66 , 67 ] High molecu- 
ar weight of the polymers usually form favorable film morpholo- 
ies when mixed with PCBM leading to efficient charge separation. Fig. 6. TEM images of a) PBDTSe-BT , b) PBDTSe-FBT and c) PBDT
9 68] Due to the insufficient growth of the polymer chains during 
he Stille cross-coupling polymerization, the low molecular weight 
f polymers was synthesized. Therefore, the lower PCEs were re- 
ealed for PBDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT. 
External quantum efficiency (EQE) curves of the devices based 
n PBDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT without DIO addi- 
ion and with DIO addition via using the optimum conditions were 
hown in Fig. 5 . The EQEs for the best device performances were 
bserved over the wavelength range of 300–750 nm which are in 
greement with the absorption spectra of the polymers. The high- 
st EQE% values were found as 42.1%, 39.3% and 45.8% for PBDTSe- 
T, PBDTSe-FBT and PBDTSe-FFBT with the addition of DIO, re- 
pectively. 
.7. Morphology studies 
In order to gain information about the morphology and topog- 
aphy of the photo-active layer of OSC devices, transmission elec- 
ron microscopy (TEM) and atomic force microscopy (AFM) were 
tilized. TEM images of PBDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT 
olymers as the active layers of best OSC with DIO addition were 
hown in Fig. 6 , respectively. As seen from Fig. 6 , PBDTSe-BT, 
BDTSe-FBT and PBDTSe-FFBT based solar cells display homoge- 
ous and nanoscale phase separation with DIO treatment. [69] As 
entioned before in computational results, the torsional angles θ
A-B) decreased with fluorine substitution, which indicates better 
lanarity resulting in improved chain packing and interchain hop- Se-FFBT based active layers processed with o -dcb and DIO. 
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ing. Therefore, F substitution promotes the exciton separation and 
harge transportation causing an increase in J SC and FF. [ 70 , 71 ] 
The 3D AFM height images of the most efficient devices with- 
ut DIO and with DIO are shown in Fig. 7 . The root mean square
oughness of the blend of PBDTSe-BT, PBDTSe-FBT and PBDTSe- 
FBT with PCBM were calculated as 0.66 nm, 1.81 nm and 0.97 nm 
s cast polymer blends; 4.61 nm, 5.43 nm and 3.21 nm for DIO 
reatment, respectively. The active layer thickness values were 
ound as 107.6 nm, 150.7 nm and 120.2 nm without DIO addition; 
23.5 nm, 117.0 nm and 64.7 nm with DIO addition, correspond- 
ngly. As can be seen from Fig. 7 a and Fig. 7 c, the blend of the
BDTSe-BT and PBDTSe-FFBT had the lowest roughnesses. As DIO 
as added to the active layer, the roughness values increased sig- 
ificantly. With the addition of DIO, which enhances the solubility 
f PCBM, PCBM aggregates tend to form near the surface resulting 
n an increase in surface roughness. [72] 
. Conclusion 
In conclusion, to investigate the effect of the number of flu- 
rine atoms substituted to the benzothiadiazole, 2-ethylhexyl se- 
enophene substituted benzodithiophene monomer (BDTSe) and 
enzothiadiazole monomer with the fluorine substitution were 
sed as the electron rich and the electron deficient units during 
tille coupling polymerization, respectively. As a result, a series of 
ew conjugated polymers PBDTSe-BT, PBDTSe-FBT and PBDTSe- 
FBT were developed and specifically examined for their photo- 
oltaic properties. The resulting polymers showed good thermal 
tability with T d higher than 400 °C. All polymers showed nar- 
ow E 
op 
g of 1.62 eV, 1.65 eV and 1.67 eV with deep-lying HOMO 
nergy levels of −5.28 eV, −5.52 eV and −5.56 eV, respectively. 
ith the incorporation of fluorine atom, HOMO energy level of the 
BDTSe-FBT and PBDTSe-FFBT were decreased compared to the 
olymer PBDTSe-BT . DFT studies were conducted for these poly- 
ers to get more information about the electronic and optical pa- 
ameters. According to the computational studies, fluorine atom 
ubstituted benzothiadiazole moiety improved the electron accept- 
ng ability of the acceptor unit in the polymer backbone. Hole re- 10 rganization energies, the delocalization energies and average tor- 
ional angles were also affected by fluorine substitution which re- 
ult in promoted PCEs. The optimization of the photovoltaic prop- 
rties of the polymers was conducted with different weight ra- 
ios of polymer:PC 71 BM, the concentration of the active layer, ad- 
itive volume ratio and thickness. For the optimized active layer of 
BDTSe-FFBT , J SC of 7.24 mA cm 
−2 , V OC of 0.72 V and FF of 50.6%
as found, resulting in a PCE of 2.63%. The fluorine substitution 
n the benzothiadiazole unit was shown to influence the thin-film 
orphology of the organic solar cell with PC 71 BM, and therefore 
n optimized phase separation was achieved with the assistance 
f a small molecule processing additive, DIO. It should be noted 
hat PBDTSe-FBT had one fluorine atom substituted to the polymer 
ackbone resulting asymmetrical structure that may influence the 
hotovoltaic performance of the solar cell. It is concluded that con- 
ugated polymers with fluorine substituent on the acceptor moiety 
ave an impact on the solar cell performances. 
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